Introduction
As already reported, [1] [2] [3] we have proposed the Utility of Stock hypothesis which assumes that an in-use stock of constructional material is a function of GDP and found a clear correlation between the world steel stock and the world GDP and also a clear correlation between the world production of crude steel and the world production of primary iron. It is concluded that it is significant to predict the world demand of iron source based on the guiding principle that the production of primary iron is a function of the variation of GDP and the production of crude steel is a function of the production of primary iron.
Estimation of the in-use stock of metals has occurred for at least 70 years, with over 70 % of the publications occurring after the year 2000. 4) Despite the long history, our preceding articles [1] [2] [3] are original in the way that sensitivity analyses are conducted to deal with the uncertainty of the in-use stock estimates, the studies are based on the Utility of Stock hypothesis that is a new idea to relate the in-use stock to GDP, and the rational for the relationship between the world production of crude steel and the primary iron source is explained.
Based on the above-mentioned guiding principle, in this study, world 1-region models of demand for iron source were obtained by using techniques such as curve fitting, and their predictive power was verified. A mathematical model to predict the global demand for iron source to 2050 was decided by this verification, and the demand was projected.
Verification of Predictive Power of Models
The time frame of regression analysis calculation is the same as that of comparison between estimators and the true values in our previous articles. [1] [2] [3] When a mathematical model based on this result is used to predict the global demand for iron source, however, the time frame of an future estimator is different from that of regression analysis calculation, which is up to the present.
In this study, therefore, the predictive power was verified by mathematical models which use part of previous data and comparisons between estimators and the true values of the remaining previous data. 5) 
Data for Verification of Predictive Power
The inaugural year of regression analysis calculation was set in the year 1950, when mass production and mass consumption of iron and steel begun in earnest. The final year of regression analysis calculation was set in the year just before the shift in trend of iron and steel production: the year 1973 of the first oil crisis in Case I (Length of regression: 1950-1973) when the world production of crude steel had continued to expand: the year 1999 in Case II (Length of regression: 1950-1999) when the world production of crude steel had crawled around 700 million tons during almost 30 years.
The world GDP to estimate the global demand of iron source for the years of comparisons between estimators and the true values in Case I and Case II was obtained by the method of the Intergovernmental Panel on Climate Change (IPCC) Special Report Emissions Scenarios (SRES), be-
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cause the global demand to 2050 was projected with GDP of IPCC-SRES as exogenous. GDP ppp* of the World Bank was employed for the years 1970, 1980, 2000 and 2010, while GDP ppp in the year 2010 was a forecast, 6) as mentioned in Sec. 3 Iron (F 1 (t)) and Variation of GDP (X(t)ϪX(tϪ1)) As mentioned in Sec. 1, there is a clear correlation between the world steel stock (S(t)) and the world GDP (X(t)). It leads to the estimation that the world production of primary iron depends not on the volume of GDP but on the variation of GDP. Hence, a regression analysis for the direct relationship between the production of primary iron (F 1 (t)) and the variation of GDP (X(t)ϪX(tϪ1)) was studied. Table 1 shows a statistical significance by the t-test of the correlation between the production of primary iron (F 1 (t)) and the variation of GDP (X(t)ϪX(tϪ1)) in Case I (Length of regression: 1950-1973). The Durbin-Watson statistic is 1.31, which is better than 0.054 of the correlation between the world steel stock and the world GDP in the previous report. 7) It means an improvement of serial correlation in error. However, the correlation coefficient R is 0.865, which is smaller than Rϭ0.996 in the previous report. 7) 2.2.1.2. Regression Curve for Steel Stock (S(t)) and GDP (X(t)) Regression analyses by approximate curves between the world steel stock (S(t)) and the world GDP (X(t)) were also studied.
As already reported, 7) the correlation between the world steel stock and the world GDP demonstrates a statistical significance of linear regression by the t-test. However, the relationship between the world steel stock and the world GDP is not a straight line to be exact but a curve of gradual arc. In other words, the income elasticity of steel stock has recently declined slightly. Therefore, the Durbin-Watson statistic is nearly 0. Hence, regression analyses by approximate curves were studied. Figures 1-5 show straight-line approximation, log approximation, polynomial approximation, power approximation and exponential approximation for the correlation between the world steel stock (S(t)) and the world GDP (X(t)) in Case I (Length of regression: 1950-1973). Straight-line approximation in Fig. 1 and polynomial approximation in Fig. 3 show appropriate lines. Table 2 shows the comparison of regression analyses. Linear regression for the production of primary iron (F 1 (t)) and the variation of GDP (X(t)ϪX(tϪ1)) demon- strates the determination coefficient R 2 ϭ0.748, which is smaller than those of other analyses. Regression analyses by approximate curves between the world steel stock (S(t)) and the world GDP (X(t)) demonstrate relatively-big coefficients of determination. Among those, straight-line approximation and polynomial approximation demonstrate the determination coefficient R 2 ϭ0.999 and suitably-shaped curves. Polynomial approximation, however, demonstrates a positive coefficient for x 2 , which is inconsistent with the downward trend of income elasticity of steel stock. Consequently, Eq. (2) obtained from Eq. (1), which is straight-line approximation for the correlation between the world steel stock (S(t)) and the world GDP (X(t)), is an optimum model to estimate the world production of primary iron (F 1 (t)).
Choice of Regression Formula
The world production of crude steel (F 2 (t)) can be obtained as a function of the world production of primary iron (F 1 (t)), as already reported. 3 Concerning the world production of crude steel, the prediction error rate has the absolute maximum (33.0 %) in the year 2001, and the absolute minimum (3.3 %) in the year 1982. The prediction error rate of cumulative total value for 32 years is 4.9 %. The RMSE is 151.5 million metric tons.
As seen in Figs. 6 and 7, the prediction error of the primary iron and that of the crude steel show a similar trend. The true value exceeds the predictive value in the early period of prediction and the true value falls below the predictive value in the late period of prediction. Concerning the world production of crude steel, for example, the true value exceeds the predictive value from 1974 till 1990, and the true value falls below the predictive value from 1991 till 2005.
Case II (Length of regression: 1950-1999)
2.3.1. Choice of Regression Formula for Primary Iron from GDP In the same way as Case I (Length of regression: 1950-1973), regression analyses were compared among the direct relationship between the production of primary iron (F 1 (t)) and the variation of GDP (X(t)ϪX(tϪ1)) and the approximate curves between the world steel stock (S(t)) and the world GDP (X(t)).
In addition, regression analyses of different lengths were studied. As already reported, 2) the relationship between the world steel stock in use and the world GDP shows two straight lines which is inflected in the year 1982 ( Fig. 8) . Therefore, lengths of regression were set as not only 1950-1999 but also 1982-1999. Table 4 shows the comparison of the above-mentioned regression analyses.
As is common in Table 2 , linear regression for the pro-© 2010 ISIJ duction of primary iron (F 1 (t)) and the variation of GDP (X(t)ϪX(tϪ1)) demonstrates relatively-small coefficients of determination for both lengths of time. Furthermore, the coefficients of x, which represents explaining variable, vary considerably from 0.272 for 1950-1999 to 0.0642 for 1982-1999. Regression analyses by approximate curves between the world steel stock (S(t)) and the world GDP (X(t)) demonstrate relatively-big coefficients of determination. Among those, straight-line approximation for 1982-1999 demonstrates the biggest coefficient of determination. Consequently, Eq. (5) obtained from Eq. (4), which is straightline approximation for the correlation between the world steel stock (S(t)) and the world GDP (X(t)), is an optimum model to estimate the world production of primary iron (F 1 (t)). The world production of crude steel (F 2 (t)) can be obtained as a function of the world production of primary iron (F 1 (t)), as mentioned in Sec. 2.2.1. Equation (6) is obtained by the regression analysis of correlation for the production of primary iron and the production of crude steel for 1982-1999. Table 5 and Figs. 9 and 10 show the predictive power.
Concerning the world production of primary iron, the prediction error rate has the absolute maximum (32.1 %) in the year 2001. Concerning the world production of crude steel, the prediction error rate has the absolute maximum (25.5 %) in the year 2001.
The prediction error rate from 2000 till 2005 in Case II is relatively small compared to that in Case I. Case I and Case II show a trend in common. As seen in Figs. 9 and 10 , dur-ing the length of comparison for 2000-2005, which is the years of high economic growth, the true value falls below the predictive value in both cases.
Outlook of Global Demand for Iron Source until 2050

Mathematical Model to Estimate Global Demand for Iron Source until 2050
As shown in Sec. 2, an optimum model to estimate the world production of primary iron is straight-line approximation for the correlation between the world steel stock (S(t)) and the world GDP (X(t)). However, the relationship between the world steel stock and the world GDP is not a straight line to be exact but a curve of gradual arc and the income elasticity of steel stock has recently declined slightly. As the relationship between the world steel stock in use and the world GDP shows two straight lines which is inflected in the year 1982 ( Fig. 8) , the length of regression was decided for 1982-2005. Equation (7) is obtained by straight-line approximation regression analysis for the correlation between the world steel stock (S(t)) and the world GDP (X(t)) from 1982 till 2005. From Eq. (7), Eq. (8) is obtained as the mathematical model to predict the world production of primary iron (F 1 (t)). Concerning the world production of crude steel (F 2 (t)), Eq. (9) is obtained by the regression analysis of correlation for the production of primary iron and the production of crude steel. 
Data for Exogenous Variable (GDP) to Estimate
Global Demand for Iron Source until 2050 The world GDP for 2006-2050 is necessary to be given as an exogenous variable to estimate the world production of primary iron by Eq. (8) . In the same way as Sec. 2.1, the world GDP for 2006-2050 is obtained as follows: GDP ppp in the year 2010 is a forecast by the World Bank, 6) GDP ppp in the years 2020, 2030, 2040, 2050 and 2060 is a forecast by the IPCC Special Report on Emissions Scenarios (SRES), 8) GDP in intermediate years was calculated with the concept of logarithmic growth rate and the polynomial approximate curve of three-points.
To be described in more detail, the GDP ppp by the team of MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environmental Impact) of SRES was employed in this article, as the team computed gross domestic product by purchasing power parity. 8) The SRES involve a set of four alternative scenario families-A1, A2, B1, and B2. 9) The four SRES families show four different development patterns, although all four scenario families describe future worlds that are generally more affluent compared to the current situation.
The A1 scenario family is a case of rapid and successful economic development, in which global population is relatively low and global GDP is relatively high. The A2 scenario family represents a differentiated world, which consolidates into a series of economic regions and shows the highest global population. The B1 scenario is a globally coherent approach to a more sustainable development, in which global population is relatively low and global GDP is relatively high as in A1. The B1 world chooses a high level of environmental and social technologies such as natural resources saving and clean energy, however, economic development in B1 is lower than that in A1. The B2 scenario is with a shift toward local and regional decision-making structures and institutions. The B2 world is one of increased concern for environmental and social sustainability with a trend toward local self-reliance and stronger communities, while the B2 scenario is basically neutral. Figure 11 shows the GDP for 2006-2050, which was used as an exogenous variable to estimate the global demand for iron source until 2050. This figure shows GDP in the year 2050 in order of size: A1, B1, A2, B2.
Result of Estimation of Steel Stock and Demand
for Iron Source until 2050 Figure 12 shows the result of estimation of the world steel stock (S(t)) by Eq. (7) and the GDP shown in Fig. 9 . Figure 13 shows the result of estimation of the world production of primary iron (F 1 (t)) by the world steel stock (S(t)) and Eq. primary iron (F 1 (t)) and Eq. (9) . Table 6 shows the numerical numbers at intervals of five years.
The estimation of the world production of primary iron (F 1 (t)) was from 1.0 billion metric tons (B2) to 2.1 billion metric tons (A1) in 2030, and from 1.3 billion metric tons (B2) to 3.0 billion metric tons (A1) in 2050. The estimation of the world production of crude steel (F 2 (t)) was from 1.4 billion metric tons (B2) to 2.9 billion metric tons (A1) in 2030, and from 1.9 billion metric tons (B2) to 4.1 billion metric tons (A1) in 2050.
Discussion
Discussion of the Outlook of Global Demand for
Iron Source until 2050 From the verification of predictive power of models in Sec. 2, there is a trend that the true value exceeds the predictive value in low-growth economy and the true value falls below the predictive value in high-growth economy. In addition, straight-line approximation for the correlation between the world steel stock and the world GDP was chosen as the model to estimate the world production of primary iron, although the income elasticity of steel stock has recently declined slightly. Therefore, it is necessary to pay attention to the possibility that the true value in the future may be between the neutral B2 scenario and the high economic growth A1 scenario. It may also be possible that the true value in the future will be below the predictive value in B2, if the income elasticity for steel stock will decline further because of increased importance of global environmental problems and resource and energy constraint.
Although the Utility of Stock hypothesis, which is the guiding principle of this model, has been verified by the statistics such as production till 2005, it does not necessarily exclude falsifiability by data after 2006. There is no guarantee that a hypothesis which has been verified by previous data will continue to be effective for future outlook, when concern for global environment issues and constraints of resources and energy will be increased. Furthermore, it should be noted that the GDP ppp by the IPCC SRES was released before the Lehman shock, which is the largest bankruptcy in U.S. history and the entrance into the Second Great Depression.
Consequently, it is proper to use the above-mentioned es-timation of the world demand for iron source until 2050 for reference purpose only.
Weighing This Study against Extant Studies
Despite the long history of extant studies on estimation of the in use stock of metals obtained by material flow analysis (MFA), geographically, majority of the estimates concern developed counties. 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] This study uses total world figures, which has advantages as follows. Although it is difficult to make a reliable estimation of the consumption of metals by country because of indirect trade of metal containing final goods such as automobile, it is easier to estimate the world consumption. It is not necessary for total world figures to prove the validity of boundary unit such as country or region. In addition, a simple one-region world model can avoid the concern that introduction and adjustment of parameter accommodate models by country to actual data in spite of misguided principle.
Regarding MFA that use GDP, the Intensity of Use hypothesis, which material consumption per capita (or material consumption per GDP) is a function of GDP per capita, is the most common theory in modeling future demand for material of the country or the region that is subject of research. [12] [13] [14] [15] [16] [17] [18] [19] The hypothesis is that material consumption increases in early stage of development and then mature industrialized economies dematerialise, i.e. need less and less material resources per unit of GDP. 13, 16, 22) However, some of those extant studies, for example Vurren et al., 13) point out at the same time that the Intensity of Use hypothesis is not effective for the total world figures (1 one-region world model). Furthermore, the Intensity of Use hypothesis is effective for some countries, but is not so much effective for other countries. This calls into question the validity of boundary unit such as country or region. This study and our preceding articles [1] [2] [3] advocate the Utility of Stock hypothesis that focus on not the relationship between flow and GDP but the relationship between stock and GDP. This enables us to rationalize the recent decoupling between the world growth of iron source demand and the economic growth with total world figures. While this study does not take into account spatial scale, Kakiuchi et al. estimate future steel stock in the East Asian countries with future GDP, assuming that the steel stock per capita will saturate in mature industrialized economies and the saturation level will vary according to population density. 24) This study verifies predictive power and chooses its estimation formula, although extant studies have not verified predictive power.
Future Research
Future research will be to verify whether the Utility of Stock hypothesis will continue to be effective with the true value after 2006 and to improve mathematical models of mass effect concerning mineral resources such as iron source and other base metal continually, aiming for outlook shared by the industry-academic-government.
Conclusion
In this study, regression formula to estimate the global demand for iron source was decided, and predictive power © 2010 ISIJ Table 6 . Prediction for world primary iron and crude steel, 2005-2050. was verified. It became clear that straight-line approximation for the correlation between the world steel stock (S(t)) and the world GDP (X(t)) was an optimum model. Concerning predictive power of the case, in which length of regression was for 1950-1973 and length of comparison between estimators and the true values was for 1974-2005, the prediction error rate of the world production of crude steel had the absolute maximum (33.0 %) in the year 2001, and the absolute minimum (3.3 %) in the year 1982. The prediction error rate of cumulative total value for 32 years was 4.9 %. The RMSE was 151.5 million metric tons. The prediction error of the primary iron and the crude steel showed a similar trend between Case I (Length of regression: 1950-1973) and Case II (Length of regression: 1950-1999). The true value exceeded the predictive value in low-growth economy and the true value fell below the predictive value in high-growth economy.
When future GDP was given as an exogenous variable from four alternative scenarios of IPCC SRES, estimation of the world production of crude steel was obtained for reference purpose only: from 1.9 billion metric tons (B2 scenario) to 4.1 billion metric tons (A1 scenario) in 2050.
